Ischemic damage and repair in the rat proximal tubule: Differences among the S1, S2, and S3 segments  by Venkatachalam, Manjeri A. et al.
Kidney International, Vol. 14 (1978), pp. 31—49
Ischemic damage and repair in the rat proximal tubule:
Differences among the S1, S2, and S3 segments
MANJERI A. VENKATACHALAM, DAVID B. BERNARD, JOHN F. DONOHOE, and NORMAN G.
LEVINSKY
Department of Pathology, Peter Bent Brigham Hospital, Harvard Medical School, Evans Memorial Department of Clinical
Research, University Hospital, and Department of Medicine, Boston University Medical Center, Boston, Massachusetts
Ischemic damage and repair in the rat proximal tubule: Differ-
ences among the SI, S2, and S3 segments. Rats were subjected to 25
mm of unilateral renal artery occlusion and were studied at 5, 15,
and 30 mm and at 1, 2, 4, 8, 16, 24, and 48 hr following ischemia.
The patterns of epithelial injury and repair in proximal tubule (PT)
segments S1, S2, and S3 were followed, and associated changes in
renal function were determined. We found that S1 and S2 cells alike
are only reversibly injured and recover completely to normalcy
within 4 hr, whereas S3 cells selectively undergo progressive cell
injury and death and are exfoliated into tubular lumina. The ne-
crotic S3 cells are replaced by mitotic division of survivor cells 24
to 48 hr following the ischemic insult. In addition, there was
selective damage within tubular cells. Within 5 mm of blood reflow
following ischemia, the majority of brush border microvilli (MV) in
all three PT segments underwent coalescence by membrane fusion
and thus were interiorized into the cytoplasm of PT cells. A
minority of MV fragmented and were shed into PT lumina, but
nephron obstruction by shed membranes was only mild and tran-
sient, unlike in the 1-hr ischemia model. Loss of MV reached a
maximum at 15 mm. By 30 mm, MV began to reappear; by 2 hr,
large numbers of MV had been regenerated; and by 4 hr, S and S2
cells appeared normal. The regenerative process included the
luminal repositioning of previously interiorized MV membrane.
MV regeneration occurred in S3 segments also, but before the
process was complete, the cells developed features of irreversible
cellular injury. Glomerular filtration rate (GFR) was 22% of control
at 30 mm of reflow, rose progressively to 55% of normal by 7 to 8
hr, and was normal at 24 hr. Single nephron filtration rate
(SNGFR) was not significantly different from normal throughout.
Proximal tubular sodium reabsorption was depressed and urinary
sodium excretion increased at 30 mm and at 2 to 3 hr, i.e., at times
when MV alterations were prominent, but both were normal by 7
to 8 hr when MV in S and S2 cells had been fully reconstituted.
Our major conclusions are: 1) There is differential susceptibility by
cell type to ischemic injury in rat PT. 2) A rapid brush border loss/
regeneration cycle occurs after ischemic injury. 3) Intact brush
border may be required for normal sodium reabsorption by PT.
Reasons for the GFRJSNGFR discrepancy are unclear, but tubular
malfunction may partly explain the phenomenon.
Lesions ischémiques et reparation dans le tube proximal du rat:
Differences entre les segments S1, S2, et S3. Des rats ont été soumis
a une occlusion unilatérale de l'artère rénale de 25 mm puis étudiés
5, 15, 30 nun, 1, 2, 4, 8, 16, 24, et 48 hr après lischémie. Les
modalités des lesions épithéliales et de leur reparation dans les
segments S1, S2, et S3 du tube proximal (PT) ont été suivies et les
modifications associées du fonctionnement renal ont été évaluées.
31
Nous avons constaté que les cellules S et S2 ne sont lesees que de
facon reversible et paraissent a nouveau normales après 4 hr, alors
que les cellules S3 subissent un processus progressif de destruction
qui aboutit a la mort suivie d'exfoliation dans Ia lumière tubulaire.
Les cellules S3 nécrotiques sont remplacées par des divisions
mitotiques des cellules survivantes 24 a 48 hr après l'ischémie. De
surcroit il existe une lesion selective des cellules tubulaires. Dans
les 5 mm qui suivent le rétablissement de Ia circulation, Ia majonté
des microvillosités (MV) de Ia bordure en brosse des trois seg-
ments de PT subissent une coalescence par fusion des membranes
et sont incluses a l'intérieur du cytoplasme des cellules du PT. Une
minonté des MV se fragmentent et sont déversées dans la lumière
tubulaire, mais l'obstniction nephronique qu'elles réalisent est
modérée et transitoire, a la difference de ce qui se produit dans
l'ischémie d'une durée d'une heure. La perte des MV atteint un
maximum h 15 mm. A 30 mi les MV commencent a réapparaitre;
a 2 hr un grand nombre de MV ont été régénérées et a 4 hr les
cellules S et S2 paraissent normales. Le processus de regeneration
inclue La reposition luminale des MV antérieurement en position
intra-cellulaire. La regeneration des MV se produit aussi dans les
segments S3 mais avant que ce processus ne soit achevé les
dextructions cellulaires irréversibles apparaissent. La filtration
glomerulaire (GFR) est 22% des contrôles 30 mm après le réta-
blissement de la circulation et augmente progressivement jusqu'à
55% des valeurs normales a 7—8 hr, et redevient normale a 24 hr.
Les filtrations glomerulaires individuelles (SNGFR) ne sont pas
significativement différentes de la normale tout au long de cette
evolution. La reabsorption proximale du sodium est diminuée et
l'excretion urinaire du sodium augmente a 30 mm et a 2—3 hr,
c'est-à-dire quand les lesions de MV sont importantes, mais reab-
sorption proximale et excretion urinaire redeviennent normales a
7—8 hr, c'est-à-dire quand les MV des cellules S1 et S2 sont
completement reconstituées. Nos conclusions sont: 1) il existe une
difference de sensibiite a l'ischémie selon le type cellulaire du tube
proximal du rat. 2) Un cycle rapide de destruction et regeneration
de la bordure en brosse survient après l'ischémie. 3) L'integrite de
Ia bordure en brosse est necessaire pour une reabsorption normale
du sodium par PT. Les raisons de l'absence de correspondance
entre GFR et SNGFR ne sont pas claires, un dysfonctionnement
tubulaire, cependant, pourrait expliquer en partie ce phenomene.
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There is marked structural, biochemical, histo-
chemical, and functional heterogeneity within the
proximal tubule (PT) of the kidney [1—16]. Three
sequential segments (S1, S2, and S3) occur in rat PT,
each characterized by a unique cell type [1—5] (see
Figs. 1 and 2). Proximal convoluted tubules (PCT)
include the first segment (S1) and most of the second
segment (S2). A sharp transition to the third segment
(S3) takes place in the upper portions of the proximal
straight tubules (PST) [1—5]. Variations in para-ami-
nohippurate (PAH) secretion along rabbit PT corre-
late better with segmentation by cell type (S1, S2. and
S3) than by anatomical division (PCT, PST) [161.
Differences have been observed between PCT and
PST in their susceptibility to injury [17—30]. Epithe-
hal cells in PST are more vulnerable to ischemia,
mercuric chloride, dl-serine, and ethionine; chro-
mates damage PCT selectively [17—30]. It seemed
possible that differential susceptibility of S, S2, and
S3 cells to the noxious agent might explain such
observations. To evaluate this possibility, we have
studied the patterns of epithelial injury and repair in
rat PT following 25 mm of unilateral renal ischemia.
The data show that S3 cells are selectively suscepti-
ble to irreversible ischemic injury. Mild ischemia
causes effacement of brush border microvilli (MV) in
reversibly injured S1 and S2 cells also and an associ-
ated defect of proximal sodium reabsorption. The
ultrastructural patterns of brush border loss and re-
generation after ischemic injury are described in
detail.
Methods
Studies were carried out on male Sprague-Dawley
rats weighing between 250 and 300 g. The rats were
allowed free access to food and water up to the time
of study.
Morphologic studies
Following anesthesia with sodium pentobarbital
given i.p. (30 to 40 mg/kg of body wt), the rats were
placed on a thermostatically heated table. Through
an abdominal incision, the left kidney was gently
decapsulated, and the left renal artery was com-
pletely occluded by a snare for 25 mm. Following
release of occlusion, and at various time periods
after blood reflow (5, 15, and 30 mm; and 1, 2, 4, 8,
16, 24, and 48 hr), both left and right kidneys were
prepared for morphologic examination by intraarter-
ial perfusion of fixative [31, 32]. Glutaraldehyde fixa-
tive at a concentration of 1.25% in 0.1 M sodium
cacodylate buffer (pH, 7.4) (325 mOsm/kg) was per-
fused at 120 mm Hg for 10 mm through an aortic PE-
160 polyethylene cannula immediately following aor-
tic cross-clamping above the renal arteries. Follow-
ing perfusion fixation, the kidneys were immersed in
fixative for three hours. Samples of renal tissue were
rinsed in 0.1 M sodium cacodylate buffer and were
processed for embedding in paraffin. Other samples
were embedded in Epon 812 after postfixation in 1%
aqueous osmium tetroxide for 90 mm. Paraffin sec-
tions were stained with hematoxylin and eosin. Epon
sections (one to two microns thick) were stained with
1% aqueous toluidine blue in 1% borax for light
microscopy. Thin sections (500 to 1000 A) were
stained with uranyl acetate and lead citrate and were
viewed in an electron microscope (Philips 201). The
number of animals studied was four each at 5, 15, 30,
and 60 mm, respectively; three each at 2 and 4 hr
two each at 8 and 16 hr; four at 24 hr; and two at 48
hr after reflow of blood through ischemic left kid-
neys. In three rats, the left kidney was prepared for
examination immediately following the termination
of the ischemic period, i.e., before blood reflow had
occurred. Because technical problems preclude per-
fusion fixation in this preparation, both left and right
kidneys from these animals were fixed by immersion
of kidney slices in 2% formaldehyde and 2.5% glutar-
aldehyde fixative in 0.1 M sodium cacodylate buffer
(pH, 7.4) (1,100 mOsmlkg) for three hours. After a
brief rinse in buffer alone, the tissue was processed
for microscopy as described above.
By both light and electron microscopy, Si, S2, and
S3 cells in PT were identified in tissue sections by
their histotopographic distribution (as illustrated and
described in Fig. 1) and by morphologic criteria (as
illustrated in Fig. 2). The criteria can be summarized
as follows: 1) In profiles of PCT in the cortex, the
lining epithehial cells are only S1 or S2 according to
the morphologic appearance [2—5] (Fig. 2). 2) In
longitudinal sections of PST in the cortical medullary
rays, a sharp transition zone between S2 and S3 cells
can be clearly established, and the cellular pathology
can be studied in clearly identifiable cell types. The
transitions occur at variable distances along the med-
ullary rays. 3) In profiles of PST in the outer stripe of
the outer medulla, all epithelial cells are S3 by mor-
phologic appearance. Thus, accurate sampling of re-
nal tissue from the cortex away from the medullary
rays, the medullary rays themselves, and the outer
stripe (deep to the line formed by the arcuate ves-
sels), in conjunction with cytologic identification of
PT cells in the samples, provided the basis for evalu-
ation of PT morphology and pathology. Whereas S3
cells could always be distinguished from S1 and S2
regardless of ischemia-induced changes, difficulties
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Fig. 1. Diagrammatic representation of the distribution of seg-
ments with distinctive cell types (S1, S2, S3) in proximal tubules of
the rat nephron. Proximal convoluted tubules (PCT) contain, in
sequence, entire S segments, followed by S2. No S3 cells occur in
PCT. Sharp transitions from S2 to S3 occur at variable distances in
the cortical medullary rays, usually somewhere in the upper halves
of the proximal straight tubules (PST). The remainder of PST,
including their entire lengths contained within the outer stripe of
the outer medulla, is made up of S3 cells. No S1 cells occur in PST.
were sometimes encountered in separating S1 from
S2 cells in PCT. It is known that the junction of S2
and S3 segments is extremely sharp by ultrastructural
features; however, there is usually an indistinct tran-
sition zone between S1 and S2, where epithelial cells
may exhibit features of both segments 112—5]. The
presence of these transition zones, as well as distor-
tion of cytoplasmic organelles in altered cells occa-
sionally made the distinction of S and S2 impossible,
particularly in ischemically damaged kidneys. This
did not prove to be a serious handicap in the final
interpretation of results, however, since the process
of damage and repair occurred in parallel in S1 and S2
segments and were qualitatively similar, in sharp
contrast to the irreversible cellular damage seen in S3
(see the following).
Identification of other segments of the nephron
was based on well-defined criteria laid down for the
rat kidney [3, 33]. Pathologic changes in ischemic
left kidneys were compared to control nonischemic
right kidneys from the same animal, as well as perfu-
sion-fixed kidneys from animals not subjected to
unilateral renal ischemia.
Physiologic studies
The rats were prepared for micropuncture and
clearance experiments using standard methods, as
previously described for this laboratory [34]. Each
rat was infused with 14C-inulin (New England Nu-
clear) in saline at 0.03 mI/mm throughout each exper-
iment. As before, left kidneys were decapsulated,
left renal arteries were occluded for 25 mm (except in
controls), and renal function was studied at various
periods of blood reflow following release of occlu-
sion. Five groups of observations were made.
Group 1: Control (no renal artery occlusion).
Three or four consecutive 20- to 30-mm urine collec-
tions were made from each kidney separately, with
appropriately timed blood samples. At the start and
again at the end of the clearance collections, blood
was taken from the left renal vein so that the extrac-
tion of inulin could be calculated.
The last segments of proximal tubules on the sur-
face of the left kidney (S2 by virtue of their histotopo-
graphic location) were identified either by their prox-
imity to the vascular "star" or by following the
passage of a 0.05-ml injection of lissamine green, and
the very last accessible loops were punctured. Five
to seven such collections were made during the
experiment.
Group 2: Thirty minutes of reflow. This group was
studied 30 mill after the release of the occluding
snare. Whole kidney clearance and micropuncture
studies were done as in the control group. Most of
these observations were performed in the same rats
in which the control data (group 1) were obtained.
The ischemic period followed immediately after the
control observations. In most cases, the micropunc-
ture samples were repunctures of the same tubules
punctured during the control period.
Group 3: Two to three hours of reflow. This group
was studied two to three hours after arterial occlu-
sion. In most of these studies, no control observa-
tions were made before the period of ischemia, and
the micropuncture was thus not "recollection" in
type. Every effort was made to ensure that the tu-
bules which were micropunctured were randomly
and evenly chosen throughout the kidney surface.
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However, tubules from which no fluid could be col-
lected were not studied further.
Group 4: Seven to eight hours of reflow. These rats
were handled as in the previous groups, studies being
done seven to eight hours after the ischemia had
been reversed. No control observations were made
before the snare was secured.
Group 5: Twenty-four hours of reflow. Through a
small subcostal incision, the left renal artery was
totally occluded for 25 mm and was then released.
The incision was closed with clips, and the rats were
allowed to recover. The following day, clearance and
micropuncture studies were performed as above. No
control observations before ischemia were made in
this group of animals.
Tubular fluid, plasma, and urine samples were
transferred to vials containing Aquasol, and radioac-
tivity was determined in a scintillation counter
(Beckman). Sodium was measured with an IL flame
photometer.
The data were analyzed by standard statistical
methods. Values given are the mean SEM. Statisti-
cal analysis between groups was performed using the
means of all observations in each rat. Probability (P)
values of less than 0.05 were regarded as significant.
Results
Morphologic studies
General. Immediately following the renal arterial
occlusion, left kidneys were seen to blanch and as-
sume a pale, shrunken appearance. With progression
of time during the ischemic period, the renal paren-
chyma became cyanotic and appeared dark bluish
purple until release of occlusion. After release of
occlusion, blood flow was restored to the kidneys
within one to two minutes, as indicated by reappear-
ance of the normal brownish orange color of the
renal parenchyma. Cut sections of kidneys revealed
congestion of the outer medullary vasculature for up
to 15 mm after the onset of reflow. At subsequent
time-intervals, the gross appearance of the kidney
could not be distinguished from control. At all times
studied, from five minutes to 48 hr, both cortex and
medulla of ischemic kidneys were fixed adequately
by the perfusion technique employed, i.e., fixative
reached all regions of the kidneys by the vascular
route, ensuring rapid fixation. Control right kidneys
at all time periods following ischemia showed an
appearance that could not be distinguished from nor-
mal kidneys of rats not subjected to unilateral renal
ischemia (Fig. 2a, b, and c).
PT morphology during ischemia, without reflow.
In rats studied immediately after ischemia, without
reflow of blood, PT showed the following alterations:
tubular collapse, marked cytoplasmic swelling, vesi-
culation of the endoplasmic reticulum, swelling of
the mitochondria. Brush border microvilli were
swollen and sometimes club-shaped, but maintained
their individuality. These changes, characteristic of
PT cells deprived of their blood supply, have been
described previously [20, 21, 351.
PT morphology during blood reflow. Within five
minutes of blood reflow, swelling of the cytoplasm
and cytoplasmic organelles in PT cells of all three
segments (S1, S2, S3) had been reversed. Brush bor-
der microvilli, however, showed marked conforma-
tional changes and loss of integrity, the alterations
progressing to a maximum at 15 mm (Figs. 3 and 4).
Within five minutes, the vast majority of microvilli
that normally protrude into tubular lumina separately
and individually (Fig. 3a) coalesced together to form
a continuous mass of cytoplasm containing a labyrin-
thine network of membrane profiles, vesicles, and
whorls (Fig. 3b and d). The cytoplasmic matrix sur-
rounding the membrane network was continuous
basally with the cytoplasm of the main cell body, and
was bordered on its luminal surface by a relatively
flat plasma membrane devoid of microvilli (Fig. 3b
and d). Ultrastructurally, the mechanism of microvil-
lar coalescence was one of membrane fusion be-
tween adjacent microvilli at multiple points along
their length (Fig. 3c). That these alterations in micro-
viii were related to the resumption of glomerular
filtration, rather than blood reflow per Se, was sug-
gested by their occurrence only in tubules with open
lumina, as observed at five minutes, The occasional
tubule with a closed lumen was morphologically sim-
ilar to the tubules observed during ischemia prior to
reflow. By 15 mm, all tubules were open and showed
the microvillar alterations described. By 15 mm, tu-
bular lumina were larger than in controls, and epithe-
hal cells were flattened (Fig. 4a, b, and c).
Some microvilli, however, appeared to fragment
and were shed into tubular lumina, where they as-
sumed a spherical configuration and formed swollen
plasma membrane-bound blebs (Fig. 4c). As deter-
mined through serial sectioning of tissue, some of
these blebs were free-floating in the lumina of S and
S2 segments in PCT (Fig. 4c), but the majority were
found as impacted masses in the lumina of S3 seg-
ments in PST (Fig. 5). PST impaction by microvillar
blebs was maximum 15 mm after blood reflow, at
which time between 10 and 25% of the PST lumina
showed obstructing blebs. Subsequently, up to two
Cr
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Fig. 2. Electron micrographs of control, nonischemic kidneys showing ultrastructural heterogeneity within proximal tubules. There are
notable differences between S,, S2, and S3 segments (panels a to c). Brush border microvili are longest in S3, shortest in S2 (arrows).
Vesicles in the apical cytoplasm of the cells (V) are numerous in S and S2 cells, rudimentary and few in S3. Secondary lysosomes (L) and
microbodies (M) are most numerous in S2 and S3 cells, respectively. Mitochondria are long and stacked perpendicular to the cellular axis in
S1, but are progressively shorter and more randomly distributed in the cytoplasm of S2 and S3 cells. Basal plasma membrane invaginations
are deep and numerous in S, shallow and much less numerous in S2, and practically absent in S3. Lateral interdigitations between cells (not
shown) also are most numerous in S1 cells and practically absent in S3. The configuration of mitochondria, the number of lysosomes and the
height of the brush border also permit identification of S, S2, and S3 cells by light microscopy, in 1- to 2-is thick plastic-embedded sections
stained with toluidine blue (see Figs. 4, 5, 10, 12). (All micrographs x8,300.)
hours following reflow, less than 10%ofPST showed
impacted material. After two hours, PST were free of
impacted microvillar blebs.
The intracytoplasmic system of membranes de-
nved from interiorized microvilli subsequently
underwent remodelling. During this period, a small
part of the membrane network suffered lysosomal
degradation, as inferred from a modest increase in
membranous structures and lamellae in secondary
lysosomes. The vast majority of interiorized mem-
branes, however, underwent vesicular transforma-
tion (Figs. 4c and 6a) and, by fusion of vesicles (not
illustrated), were converted into membrane sacs
(Figs. 6a and b and 7a). By 30 mm and one hour of
reflow, PT cytoplasm was seen to protrude into these
intracytoplasmic sacs to form microvillus-like struc-
tures (Figs. 6a and b and 7a). Images such as that
illustrated in Figure 7a and b suggest that the mem-
brane sacs then fuse with the luminal plasma mem-
brane to exteriorize the newly formed microvilli.
Thus, the intracytoplasmic events following is-
chemia took place in a well-ordered temporal se-
quence. At 5 and 15 mm of reflow, brush border
membranes coalesced and became intracytoplasmic,
as shown in Figures 3b, c, d, and 4c. At 15 mm, when
brush border interiorization was already complete,
there was no evidence of remodelling of the intra-
cytoplasmic membrane network. Images of the type
illustrated in Figures 6 and 7, which demonstrate the
remodelling process, were obtained only after 30 mm
and were associated with return of normal brush
border architecture. By inference, then, microvillus
regeneration took place partly through a process that
involved the transformation and remodelling of
Fig. 3. a) Apical portion of control S3 cell showing delicate, individual microvilli (x15,400). b—d) 25 mm of ischemia; 5 mm of blood reflow.
b) S2 cell shows almost total coalescence of microvilli (arrows), the result of which is the appearance of a relatively flat apical plasma
membrane and incorporation of microvillus membrane into apical cytoplasm. Some profiles of endoplasmic reticulum are dilated (arrow-
head). Mit denotes mitochondria. (x 13,000.) c) Detail of the process of coalescence of microvilli is shown. Cytoplasmic bridges are formed
between adjacent microvilli (arrows) through localized fusion of contiguous membranes. (x 52,600.) d) S3 cell shows labyrinthine network of
membrane profiles, vesicles, and whorls in the apical cytoplasm. (x26,000.)
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Fig. 4. a) Light micrograph of control kidney, showing S1 and S2 tubules (x480); b) Light micrograph, 15 mm after reflow following
ischemia, showing profiles of S1 and S2 segments and a transition from S2 to S (arrow). The tubules are dilated, and the epithelium is
flattened. (x480.) C) Electron micrograph, 15 mm after reflow following ischemia in transitional S1—S2 segments. Two profiles of proximal
convoluted tubules show flattening of the epithelium and loss of most microvilli (arrows). Cytoplasmic fragments, probably derived from
fragmented microvilli are present in the tubular lumma in the form of membrane bound blebs (arrowheads). The normal appearance of the
microvilli has been replaced by a membrane network filling the apical cytoplasm of the cells; in addition, vacuoles of diverse size are found
throughout the thickness of the cells. Cap denotes capillary. (x3,900.)
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Fig. 5. a) Light micrograph showing profiles of S2 and S segments
from a control kidney. (x500.) b) Light micrograph showing one
S3 segment 15 mm after reflow, impacted with cytoplasmic blebs
of diverse size. (x500.)
membranes interiorized very early during reflow (be-
fore 15 mm; Figs. 3b, c, d, and 4c) to structures
illustrated in Figures 6 and 7. Whether regenerated
microvilli membranes had been altered in their sur-
face properties, composition, or function during their
intracytoplasmic sojourn could not be determined.
Moreover, we could not determine what fraction of
regenerated microvilli were newly synthesized and
what proportion were "recycled." In any case, by
two hours, large numbers of ultrastructurally normal
microvilli had been regenerated in S1 and S2 seg-
ments (Fig. 8a). Among areas in which luminal sur-
faces were covered with regenerated brush border
were other areas in which luminal surface were to-
tally devoid of microvilli (Fig, 8a). By four hours,
most S1 and S2 cells were indistinguishable from
normal (Figs. 8b and lOa), with only a few areas still
devoid of microvilli. At subsequent reflow periods
(8, 16, 24, and 48 hr), S1 and S2 segments continued
to exhibit a normal ultrastructural appearance.
The sequence of brush border loss and regenera-
tion also occurred in 53 segments but, beginning at
two hours after blood reflow, S3 cells developed the
cytological signs of irreversible cell injury and subse-
quently progressed to frank necrosis (Fig. 9a and b).
Subsequently, the number of such irreversibly in-
jured cells progressively increased, becoming maxi-
mum at eight hours after reflow (Figs. 9—12). At two
and four hours, most of the dying cells appeared to
be in stage 3 of irreversible cell injury, as defined by
Reimer, Ganote, and Jennings [35]; a few cells were
in stage 4 (Fig. 9a and b). At eight hours, greater than
75% of cells in S3 segments were in stage 4, showing
extreme dissolution of organelles, rupture of plasma
membranes, nuclear condensation or lysis, high am-
plitude swelling of mitochondria with matrical densi-
ties, and desquamation of cells from their underlying
basement membrane (Fig. 11). That irreversible cell
injury was specific to S3 cells was indicated by the
following: 1) Necrosis occurred in all straight PT in
the outer stripe of the outer medulla, a region where
S1 and S2 cells do not occur. 2) Necrosis was not
observed in cortical convoluted Fr, which are com-
posed exclusively of S1 and S2 cells. 3) Frank necro-
sis occurred in straight PT in the lower portions of
cortical medullary rays but not in convoluted PT at
the same level (Figs. lOb and d, and 12a). 4) In
straight PT of the cortical medullary rays, S3 cells
underwent necrosis in the S2—S3 transition zones, but
immediately adjacent S2 cells did not (Fig. lOc and
d).
Desquamation of necrotic epithelial cells in S3 seg-
ments resulted in the appearance of large patches of
denuded tubular basement membrane. Thus, these
basement membranes formed the only barrier be-
tween urine in tubular lumina and the peritubular
interstitium (Fig. 11). Concurrently, survivor S3 cells
appeared to flatten themselves onto adjacent ex-
posed basement membrane (Fig. 11). By 16 hr, areas
of denuded basement membrane were uncommon,
most tubules being lined by flattened S3 cells (Fig.
l2b). By 24 hr, mitotic figures were evident in S3
epithelium (Fig. l2c) and, by 48 hr, most S3 segments
had returned to a relatively normal appearance. Oc-
casional tubules, however, showed desquamated ne-
crotic epithelial cells within their lumina (Fig. 12d).
Pathology in other segments of the nephron. Dur-
ing the early reflow period, between 5 and 30 mm,
ascending thick limbs of Henle exhibited diffuse cell
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Fig. 6. Electron micro graphs from proximal tubules a) 30 mm after reflow (X38,000), and b) one hour after reflow Jbllowing ischemia
(x35,700). The apical cytoplasm of the cells contains many vesicles and vacuoles, and in addition, many microvilli protruding into
intracytoplasmic, membrane-bound sacs (arrows).
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Fig. 7. Electron micrographs of proximal tubules one hour after reflow following ischemia. a) The apical cytoplasm of the PT cell is full of
microvilli contained within membrane-bound sacs. One such sac is seen to be in communication with the tubular lumen (arrow), and the
microvilli contained within the sac are being exteriorized (x8,400). b) This depicts at higher magnification the communication of a membrane
sac from the cellular interior to the exterior. During this process, the limiting membrane of the sac becomes continuous with the plasma
membrane; thus, microvilli contained within the sac and which arise from the sac membrane (arrowheads) now protrude into the tubular
lumen (x23,000).
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Fig. 8. Electron micro graphs of a) an S1—S2 transitional segment (x5,300) and b) an S1 segment obtained two and four hours after reflow
(x4,300). By two hours the brush border microvilli are largely regenerated, with many focal areas still devoid of microvilli (asterisk). By four
hours, the microvihi are nearly normal in their appearance and density with only occasional smooth areas (not illustrated). Except for larger
numbers of cytoplasmic vacuoles than is usually seen in controls, the ultrastructure of the cell is normal, and no vestiges of ischemic injury
are apparent.
swelling, reverting back to normal subsequently.
During the same period, distal tubules and collecting
ducts exhibited swelling of occasional individual
cells, but this too reverted back to normal at later
time-periods. The inner medulla was free of pathol-
ogy except for the occasional finding of desquamated
cellular debris in the collecting ducts. The thin limbs
of Henle's loop likewise occasionally showed des-
quamated debris in their lumina but no other
abnormalities.
Functional studies
The results are shown in Table 1. Studies in the
control animals produced values of renal and tubular
function in keeping with previously reported data on
normal animals both from our laboratory and else-
where. Two groups of findings are to be emphasized.
Single nephron (SNGFR) and whole kidney (GFR)
glomerular filtration rate. There was a marked dis-
crepancy in the effect of the ischemia on GFR and
SNGFR. GFR was severely reduced at 30 mm of
reflow and increased progressively thereafter, but
was only 55% of control at seven to eight hours. It
had returned to the control value by the following
day. On the other hand, SNGFR was not signifi-
cantly reduced at any time-interval studied, although
there was a slight downward trend at 30 mm after the
ischemic insult.
Sodium reabsorption and excretion. Absolute and
fractional sodium reabsorption in the proximal con-
Fig. 9. Electron micrographs of S3 segments a) from the medullary ray (x4,900) and b) from the outer stripe of outer medulla (x4,600)
obtained after two and four hours of reflow following ischemia. By two hours (panel a) irreversible injury is apparent in some S3 cells in the
form of abnormally electron dense cell sap (arrow, compare with viable cell on the left). By four hours (panel b), the number of irreversibly
injured S3 cells has increased (arrow and asterisk).
Table 1. Renal function after 25 mm of ischemia and various periods of reflowa,b
GFR
(% of control)
mI/mm
SNGFR
nl/min (TF/P),
Fractional
sodium reabs.
%
Absolute sodium
reabs.
nEqimin
C,3IE,
mi/mm
Sodium
excretion
pEqimin
FEN
%
Control (8)C 1.27 30
2
2.21 53.7
2.7
2.4 5.41 0.08 0.04
30 mm (8) 0.28" (22%) 24
3
1.63" 361"
4.9
j 143d 0.94e 6.77e
2—3 hr (5) 0.55" (43%) 30
3
l.69 40.3"
3.1
l.8' 7.65 0.28 0.45e
7—8 hr (4) 0.70'1 (55%) 28
3
2.32 56.2
3.4
2.3 3.87 0.21 0.23
24 hr (4) 1.16 (91%) 37
5
2.32 55.9
4.2
3.2 6.27 0.07 0.05
Left kidney only. All data is expressed as the mean value SEM.
b Abbreviations used are: (TF/P),, ratio of tubular fluid to plasma inulin concentration; C1IE1, clearance of inulin divided by extraction of
inulin; FENa, fraction of filtered sodium excreted.
Number of animals studied shown in parenthesis.
"Significantly different from control (P < 0.05).
Significant by nonparametric methods; see text.
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Fig. 10. a) Light micrograph of outer cortex, showing proximal convoluted tubules (S1 and S2 segments), collecting ducts, and distal tubules
four hours after reflow following ischemia. The tubules are relatively normal in appearance. (x200.) b) Light micrograph of inner cortex,
showing proximal straight tubules in the medullary ray and proximal convoluted tubules four hours after reflow. Isolated cells or clusters of
cells in the straight segments show abnormally dark protoplasm, indicative of cell death. (x 200.) c) Light micrograph of control kidney,
showing sharp transition between S2 and S3 cells (arrow) (x500). d) Light micrograph of proximal straight tubule from medullary ray and
two adjacent proximal convoluted tubules four hours after reflow. The straight tubule is from a transition zone of S2—S3. Note abnormally
dark S3 cells with tall brush border, contrasted to S2 cells that have fully recovered from ischemic damage, in the same tubule (arrows). In
addition, compare abnormal S3 cells with normal appearing cells in adjacent convoluted tubules. (X500.)
voluted tubule was reduced significantly at 30 mm
and two to three hours of reflow but had returned to
normal by seven to eight hours. Urinary sodium
excretion was correspondingly increased at these
times.a At 30 mm of reflow, both the fractional and
a There was a large variation in the values obtained for sodium
excretion. The absolute and fractional values at 30 mm of reflow
ranged from 0.03 to 3.96 j.Eq/min and 0.07 to 37.7%, respec-
tively; at 2—3 hr, it ranged from 0.04 to 0.83 tEq/min and 0.06 to
1.58%, respectively. Since these values do not follow a Gaussian
distribution, their significance was tested using non-parametric
methods of analysis, and the P value was < 0.05. Moreover, in
those animals studied before and after ischemia, urinary sodium
excretion increased on every occasion. When the data were
reanalyzed using the Student's t test after eliminating the single
animal from each group with the highest value for sodium excre-
tion, significance was again obtained.
absolute excretion of sodium in the urine was in-
creased. At two to three hours, only fractional excre-
tion was abnormal. Fractional sodium excretion,
however, has uncertain significance, since its deriva-
tion requires the use of whole kidney GFR, the
measurement of which may be inaccurate in the post-
ischemic kidney (see Discussion). By seven to eight
hours, sodium excretion had returned to normal,
despite the necrosis of S3 segments.
Discussion
Distinctive patterns of pathological changes and
functional loss were observed following a relatively
mild 25-mm ischemic injury to the rat kidney.
Ischemia-induced alterations in PT microvilli. Ex-
tensive or focal loss of brush border microvilli has
—
 
I, a 
a
 
C.
' 0 
44 Venkatachalam et at
Fig. 11. Electron micrograph of S3 segments from outer St ripe of outer medulla eight hours after reflow. There is extensive desquamation of
necrotic cells (asterisk) from the underlying basement membrane (arrows) and flattening of survivor cells to cover the denuded areas
(arrowhead). Cap denotes peritubular capillary. (x 4,700.)
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Fig. 12. a) Light micrograph from inner cortex, showing lower portion of medullary ray and convoluted tubules eight hours after reflow. At
the same level of the cortex, cells of the proximal straight tubules are necrotic (upper right), whereas all convoluted tubules are normal in
appearance. (Obtained from paraffin-embedded tissue, H & F stain, x 100.) b) Light micro graph from outer stripe of outer medulla, showing
S3 tubules after 16 hr of reflow. Flattened epithelial cells cover most of the tubular basement membrane with relatively few exposed, denuded
areas. Asterisks indicate continued desquamation of necrotic epithelium. (x500.) c) Light micrograph from inner cortex-outer medulla
junction 24 hr after reflow, showing mitotic figure in 53 epithelium (arrow) (x500). d) Light micrograph of S3 tubules after 48 hr of reflow.
Although a few necrotic cells persist in tubular lumina, the epithelial cells have largely returned to a normal appearance. (X500.)
been previously observed by several laboratory
groups to occur in proximal tubules following is-
chemic injury [20—24, 351. For example, Reimer,
Ganote, and Jennings noted extensive loss of micro-
villi after blood reflow in FF from kidneys subjected
to one hour, as well as 25 mill of ischemia [35].
Ultrastructural evidence of brush border alterations
after complete ischemia was provided by Glaumann
et al [20—22] and after hypotension, by Kreisberg et
al [231 and Dobyan, Nagle, and Bulger [24]. Focal
brush border loss also occurs after exposure to mer-
curic chloride and chromate [25, 27, 301. The mecha-
nisms, however, of brush border effacement and
regeneration, and the chronology of the microvillus
loss-regeneration cycle have not been previously de-
scribed. Therefore, our sequential observations on
brush border morphology after ischemia significantly
extend the information available previously.
Our results indicate that effacement of brush bor-
der microvilli is potentially a rapidly reversible re-
sponse of VF to ischemic injury. The extensive loss
of microvilli seen in PT within 15 mm of blood reflow
after ischemia may have been caused by two sepa-
rate mechanisms. First, injured microvilli may
undergo disintegration into fragments, which are
shed into tubular lumina and reconstituted into mem-
brane-limited bebs. Shedding of microvillar mem-
branes into tubular lumina after 25 mm of ischemia in
the present experiments was not as extensive as that
seen previously by us following one hour of ischemic
injury. In the latter situation, brush border disinte-
gration and consequent intraluminal impaction of
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blebs occurred in nearly all nephrons [361. After 25
mm of ischemia, tubular obstruction by membrane-
bound blebs was noted only in a small fraction (10 to
25%) of nephrons and was transient. Rather, as illus-
trated in Figures 3 and 4, the ultrastructural observa-
tions suggested that coalescence of adjacent micro-
vili that normally protrude individually into tubular
lumina was the dominant mechanism underlying
their disappearance. Of considerable interest is the
fact that continuing ischemia did not cause coales-
cence of adjacent microvilli. In such tubules, exam-
ined following completion of the ischemic period but
before restitution of blood flow, microvillar altera-
tions such as swelling and distortion were observed,
but the individuality of the cytoplasmic processes
was maintained. On the other hand, we found fusion
of microvillar plasma membranes within five minutes
after reflow of blood was permitted. At that time,
microvillar coalescence was found only in tubules
with open lumina, while adjacent tubules with col-
lapsed lumina showed no evidence of the phenome-
non. It is reasonable, therefore, to suggest that the
ischemia-induced alteration in microvillar mem-
branes is by itself insufficient to cause their coales-
cence; fusion occurs only after resumption of gb-
merular filtration. Although the cellular and/or
molecular basis for membrane fusion remains to be
determined, it appears likely that some component(s)
in the glomerular filtrate are essential to the process.
Our sequential ultrastructural studies also suggest
that a large fraction of the microvillar membranes
interiorized into the cytoplasm of PT cells is remo-
delled through a complex process into new microvilli
and subsequently is exteriorized. The actual extent
to which interiorized membranes are lysosomally
degraded could not be determined. Consequently,
the relative importance of de novo synthesis of mi-
crovillar membranes and membrane-recycling in the
regenerative process remains unknown. Biochemical
studies in our laboratory demonstrate rapid synthesis
of new membrane components after ischemia, as
determined by two- to threefold acceleration of the
rate of incorporation of labelled choline into mem-
brane phospholipid [371. The sequence, however, of
intracytoplasmic events as observed ultrastructurally
suggests that membrane-recycling is an important
process. The factors that determine coalescence of
microvilli, their lysosomal degradation or recycling,
and reconstitution are currently under study.
Cell specificity of irreversible injury following isch-
emia. Our observations demonstrate specificity of
pathological response to ischemia within well-
defined cell types in the proximal tubule. S3, but not
S or S2 cells, exhibit irreversible injury following 25
mm of ischemia. That proximal straight segments are
more vulnerable to ischemic injury than convoluted
segments has been known for some time [17—241, but
the cellular specificity of the response has been over-
looked. For example, it has been suggested that the
occurrence of necrosis in proximal straight segments
after ischemia might be due to the "no-reflow" phe-
nomenon [211. According to this scheme, the outer
stripe of the outer medulla, consisting exclusively of
straight segments, continues to be ischemic after the
restitution of blood flow to other zones of the kidney.
Thus, straight segments suffer a longer duration of
ischemia than do convoluted segments, and conse-
quently, they undergo necrosis [211. That cell death
in S3 segments following 25 mm of ischemia is specif-
ically related to cell type rather than the "no-reflow"
phenomenon is indicated by the following observa-
tions. 1) S cells in the medullary rays were necrotic,
but S and 53 cells in immediately adjacent tubules
(separated by one capillary), at the same level of the
renal cortex, were not (Fig. lOb and d). 2) In contrast
to immediately adjacent 53 cells, S2 cells in the tran-
sition zones of the same nephron in the medullary
rays did not undergo necrosis. 3) No vascular
changes suggestive of obstruction, such as endothe-
hal swelling, bleb formation, or thrombosis, were
observed in capillaries surrounding the tubules with
necrotic cells. 4) Washout of the vascular tree by
fixative during perfusion was adequate in all zones of
the kidney, including the outer medulla. 5) Following
the release of the arterial occlusion, there was rapid
reversal of epithelial cell-swelling caused by isch-
emia in S3, as well as S and 53 cells, indicative of the
resumption of cellular metabolic functions depen-
dent on respiration and thus on blood flow. For all
these reasons, we believe that our observations
strongly support the view that S3 cells are selectively
sensitive to lethal injury by ischemia of moderate
duration and that necrosis of this cell type is an
intrinsic cellular, not a vascular, phenomenon.
The patterns of toxic injury in proximal tubules
reported previously [25—30] are also consistent with
a specificity of cellular response to noxious agents.
In nephron microdissections [26, 281, mercuric chlo-
ride and dl-serine were found to cause selective
necrosis of proximal straight tubules, with an abrupt
transition from living cells to total necrosis occurring
in the upper part of the segments. Conversely, potas-
sium dichromate damages the convoluted tubules; a
sharp transition from necrotic to living cells again
occurs in this case, in the upper parts of the straight
segments [26]. The similarity to the location of tran-
sition from S2 to S3 cells [1—5] is readily obvious.
In view of the marked biochemical and cytochemi-
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cal heterogeneity within PT with respect to anatomic
segmentation (PCT, PST) as well as cell type [2—12],
it seems reasonable to propose that intrinsic differ-
ences in metabolism and/or modes of cellular respira-
tion between S1, S2, and S3 cells may explain selec-
tivity of cell necrosis in Vi' following ischemia or
toxic agents. This possibility deserves investigation.
Functional and morphological correlation. The
two main abnormalities we demonstrated in the func-
tional studies are marked reduction in GFR, while
SNGFR remained unchanged, and modifications in
the tubular handling of sodium.
There are a number of possible reasons for the
observed discrepancy in the effect of ischemia on
GFR and SNGFR, of which two seem especially
important. 1) Tubular obstruction may have oc-
curred distal to the site of the micropuncture, pro-
ducing a misleading normalization of SNGFR. In-
deed, during the first two to three hours of reflow,
obstruction of 10 to 25% of PST lumina by impacted
blebs of brush border was clearly demonstrated by
our morphologic studies, and this site is, of course,
distal to the point of micropuncture. At later reflow
periods, obstruction was not prominent. Tubular ge-
ometry, however, may still have been disturbed by
sloughed and free-floating S3 cells in the PST lumina,
which might cause partial obstruction of some tu-
bules. 2) We have previously shown in studies done
two to three hours after the release of 25 mm of renal
artery occlusion that 10 2% of inulin microinjected
into the PCT can be recovered from the contralateral
urine [361. The major site of this leak is presumably
in the PST, where epithelial cells are irreversibly
injured and are unable to exclude molecules as large
as horseradish peroxidase from their cytoplasm [36].
As with tubular obstruction, leak of filtrate at this site
is beyond the point of micropuncture. Therefore,
SNGFR measured by collection of inulin from late
convoluted tubules would be normal, while GFR
measured by collection of inulin in final urine is
apparently reduced.
A number of other possible mechanisms for the
discrepancy between GFR and SNGFR must be con-
sidered but appear less likely. 1) It is possible that
tubules were not randomly selected for the micro-
puncture studies. If only relatively normal nephrons
were studied by micropuncture, a sampling error
would occur which would artefactually elevate mea-
sured SNGFR. This was not the case in our studies.
Most tubules studied at 30 mm and some punctured
at two to three hours after reflow were repunctures
of the identical tubules studied in control periods
before ischemia. SNGFR for these repunctured tu-
bules was not different from SNGFR in randomly
selected tubules at the same times. Hence, we doubt
that skewed selection of punctured nephrons ac-
counts for the discrepancy between SNGFR and
GFR which was present at all times until 24 hr in our
studies. 2) Blood flow in the kidney as a whole could
remain reduced after reflow, while blood flow to the
surface of the kidney returns promptly to normal.
We recognize that the value for RPF obtained by the
calculation of C1/E1 (Table 1) is open to error in the
ischemic kidney, in which some of the filtered inulin
may accumulate in obstructed nephrons and thus
remain in the kidney. Such an error, however, would
tend to lower measured blood flow. Hence, the nor-
mal values of C1/E1 beyond 30 mm of reflow suggest
that RPF was not decreased greatly in any major part
of the kidney. 3) The possibility exists that the is-
chemia injured deep nephrons more severely than it
did the superficial ones. Since surface micropuncture
can obviously only evaluate superficial nephron
function, while whole kidney GFR is a composite of
all nephrons, selective damage to deep nephrons
would cause a discrepancy in the values obtained for
GFR and SNGFR. While we cannot exclude this
possibility, there was no morphologic evidence of
any selective damage to deep nephrons. In summary,
while we cannot be certain of the relative importance
of these various factors in causing the observed dis-
crepancy between GFR and SNGFR, it seems likely
that leakage of tubular fluid and tubular obstruction
(especially early in the reflow period) play major
roles. The morphologic evidence suggests that ne-
crosis of S3 cells in the PST and shedding of brush
border fragments are the principle causes of both
phenomena.
With respect to our observations of the tubular
handling of sodium, it is of interest that the depres-
sion in proximal tubular sodium (and fluid) reabsorp-
tion was marked at 30 mm of reflow, when the brush
border was almost wholly absent from the PCT cells.
At two to three hours, when reconstitution of the
brush border had begun but was incomplete, sodium
reabsorption was still significantly abnormal. It had
returned entirely to normal by seven to eight hours,
when the brush border had been fully regenerated
and was apparently normal morphologically. While
we have no definite proof of this point, it is reasona-
ble to suggest that this observation indicates an im-
portant role for brush border microvilli in the control
of proximal tubular sodium reabsorption. Sodium
excretion in the urine was increased during the early
reflow periods, at the same time at which depression
in proximal sodium reabsorption was noted. In other
circumstances, reduction in reabsorption in the PCT
itself leads to little or no natriuresis, because in-
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creased reabsorption in more distal segments pre-
vents an increase in urinary sodium excretion [381.
The marked natriuresis during early reflow in our
studies suggests that reabsorptive function may also
be abnormal beyond the PCT after ischemia. It is
possible that S3 cell necrosis plays an important part
in this phenomenon. In addition, more distal seg-
ments of the nephron were transiently abnormal
morphologically after ischemia and probably were
unable to increase sodium reabsorption in response
to increased delivery of sodium from more proximal
segments.
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